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Abstract The point defect diagrams in nickel oxide
Ni1dO, pure and doped with M3+ and M+ metal ions,
taking into consideration all of the types of defects in the
cation sublattice, are presented in this work. A new
method was used for the calculations of the diagrams.
This method is based on the derived relations between the
standard Gibbs energies of the formation of nickel
vacancies and the intrinsic ionic and electronic defects. It
also uses the experimental values of the deviation from the
stoichiometry. The calculations were performed using the
results of studies obtained by many authors in the
temperature range of 1,173–1,673 K.
Keywords Point defect diagrams . Non-stoichiometric
nickel oxide . Ni1dO·Mþ . M3+ ion dopes
Introduction
Nickel oxide Ni1dO is considered as a model non-
stoichiometric semiconductor oxide of p-type. The studies
of optical and magnetical properties of pure and doped
oxide [1–13] allowed for the determination of its elec-
tronic structure. Due to the low concentration of point
defects, it is assumed that they form an ideal solution. In
order to determine the point defect structure at high
temperatures, the studies on the deviation from the
stoichiometry were performed by the following methods:
electrochemical [14–16], thermogravimetric [13, 17–21],
and via the studies of the electrical conductivity [10–13,
16, 17, 22–38]. The character of the dependence of the
deviation from the stoichiometry on the oxygen pressure
(the exponent close to ≈1/6) formed the basis for the thesis
that in Ni1dO, the dominating defects are double ionized
nickel vacancies and electron holes. In the case of the
electrical conductivity studies, however, the consistency is
not complete. Many authors obtained the value of the
exponent 1=ns close to ~1/6 [12, 16, 17, 38]. In most
works, higher values were obtained (1/5), also close to 1/4
[10, 11, 22, 23, 25]. Using the above fact as a basis, it is
assumed that in Ni1dO, single ionized vacancies are also
present. It has been also shown that the differences in the
1=ns exponent, values are related to the influence of
impurities on the concentration of electron holes [10–13,
28, 35]. Due to the narrow range in the studies on the
deviation from the stoichiometry, a full point defect
diagram has not yet been determined. On the other hand,
using a simplified electroneutrality condition as our basis,
the concentrations of electron holes and double ionized
nickel vacancies were calculated. There are discrepancies
in the concentration of single ionized vacancies. The
studies on the chemical diffusion [19–21, 29–41] and of
the self diffusion of nickel [19, 41–46], performed mainly
at higher oxygen pressures, indicate that the matter
transport in Ni1dO occurs generally via double ionized
nickel vacancies. A similar conclusion could be obtained
from the relation between the concentration of defects, the
diffusion coefficients, and the parabolic rate constants of
nickel oxidation [21, 47–51].
A relatively simple defect structure in the Ni1dO,
which was considered a model structure, was used to
determine the influence of dopes on the electronic defects’
concentration, electrical properties, and the matter trans-
port in this oxide. Studies on the influence of ions: M3+
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(Cr2O3) [12, 27, 30, 36, 37, 52–60] and M
+ (Li2O) [6, 7,
40, 52, 53] have been performed. The obtained depen-
dencies of the electrical conductivity on the oxygen
pressure for doped oxides agree with the theoretical
expectations. However, no information on the influence
of dopes on the ionic defects’ concentration is available.
The previous work [61] presented the results of the
calculations of the point defect diagrams for pure and doped
cobalt oxide, using the results of studies on the deviation
from the stoichiometry by many authors, and it has been
shown that when the interstitial cobalt ions are taken into
account, there are drastic changes in the relations between
defect concentrations and the oxygen pressure in “pure”
oxide as well as in the oxide doped with M+ and M3+ ions.
The present work, still concerned with the issue of the
concentrations of defects in oxides with defects in the
cation sublattice, deals with the problem of the determina-
tion of the point defect diagram for nickel oxide Ni1dO,
pure and doped with M3+ and M+ metal ions, taking into
consideration all types of defects in the cation sublattice,
also interstitial nickel ions. The following were used in the
calculations of the diagrams: a method presented in the
work [61] and the experimental values of the deviation
from the stoichiometry obtained by many authors [13–15,
17, 18, 21] in the temperature range of 1,173–1,673 K.
Method of determining the point defect diagrams
The theoretical foundations of the above method are more
widely presented in the work [61]. They are based on the
equation describing the state that is formed as a result of
oxygen incorporation and formation of a definite deviation
from the stoichiometry (at a given oxygen pressure). The
equation describing the process of the formation and the
decay of the determined quantities of the point defects
(mole fractions) as a result of the incorporation of 1 mole of




































































































where Δyi is the change of concentrations of individual
defects relative to the concentration yoi at the stoichiometric
composition, ΔGoðdÞdef is the standard Gibbs energy of the
process 1.
The dependence of the defect concentration on the
oxygen pressure in the equilibrium state, resulting from
the condition of equality of chemical potentials of the


















































































where the concentrations of point defects, resulting from the
changes in the concentrations of individual defects (Δyi),
relative to the concentration ðyoi Þ at the stoichiometric
composition (per 1 mole of oxygen) are:




















½VxNi ¼ yoVxNi þΔyVxNi ð3cÞ








½Nixi  ¼ yoNixi ΔyNixi ð3fÞ
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The work [61] demonstrated that the Eq. 2 for strictly
determined concentrations of defects, which are present at
the stoichiometric composition, δ≈0, has the following form:
1







ln½h þ b1þ2b2M ln½e0  12 lnðpðsÞO2Þ
 bM lnðyoNii Þ 
b1
M lnðyoNii Þ 
b2




where: α1, α2, β, β1, and β2, define the ratio of the





































yoi is the concentration of a given defect i at the
stoichiometric composition, M ¼ 2þ a1 þ a2 þ b1 þ b2,
ΔGoðd  0Þdef is the standard Gibbs energy of the process (1)
at δ≈0, pðsÞO2 is the oxygen pressure at which the oxide
reaches the stoichiometric composition.
The standard Gibbs energy of the formation of nickel
vacancies V
0 0
Ni and interstitial nickel ions N

i can be





¼ ðΔGoðd  0Þdef  F  IÞ þ 1=2ΔGoF ð5Þ
ΔGoNii ¼ ðΔG
oðd0Þ
def  F  IÞ þ 1=2ΔGoF ð6Þ
where
F ¼ 1þ a1 þ a2  b  b1  b2
1þ a1 þ a2 þ b þ b1 þ b2
ΔGoF ¼ 0
when β=1 and α1=β1, α2=β2 then the value of the F term
is 0:
On the other hand the I term is:
















when standard Gibbs energy of the formation of defects









The obtained Eqs. 4 and 5 relate ΔGo of the formation
of the defects and their concentration at the stoichiometric
composition. They can be used in their determination, and
knowing their values is useful when calculating the concen-
trations of the defects at any oxygen pressure. Thus, if we have
the valueΔGoi of the electronic defect formation, determined
from the electrical measurements, it is possible to adjust the










and ΔGoVxNi in such a way that the obtained
dependence of the deviation from the stoichiometry on pO2
(resulting from the calculated concentrations of the defects)
is consistent with the experimental values of δ.
At the first step, we assume that the concentration of
defects with lower ionization degrees is insignificantly low.
Knowing the value of ΔGoi and assuming the ΔG
o
F , we
calculate the concentrations of electronic defects and ionic
defects. The assumed values of ΔGoi and ΔG
o
F must fulfill





and pðsÞO2 . We assume that the concentration of nickel
vacancies ½V0 0Ni is the variable parameter, and we calculate
the concentration ½Nii  and the deviation from the
stoichiometry δ. Taking into account, the electroneutrality
condition, we calculate the concentration of electronic
defects vs. ½V0 0Ni. The equilibrium oxygen pressure is
calculated using the equilibrium constant for the reaction
of the formation of vacancies V
0 0
Ni, their concentration, and
the concentration of electron holes. The obtained relation
between the deviation from the stoichiometry and pO2 is
then verified with the experimental values of δ. The
difference between the logδ vs. logðpO2Þ curve and the
experimental values of δ is corrected, by adjusting the





[when the condition (4) and (5)
is fulfilled] in a way to obtain the consistency in the range
of the small deviations from the stoichiometry.
Then, we consider the presence of defects with lower





then ΔGoVxNi to obtain, at higher values of the deviation, a
full consistency with the experimental results of δ.
Results of calculations and discussion
Point defect concentrations in “pure” Ni1dO
When calculating the concentrations of the defects, the
values of ΔGoi of the electronic defects’ formation,
determined by Osburn and Vest [13], were used. The
obtained dependence of ΔGoi on the temperature, which
differed from the linear function, was described by the
following polynomial:
ΔGoi ¼ 352:15þ 0:038 T  9  106T 2
Analyzing the results of the studies of the deviation from
the stoichiometry by different authors [13, 14, 18, 21] (see
Fig. 1), it can be found that there are differences between
them, but the dependence of δ on pO2 has a similar
character. The discrepancies between the δ values obtained
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Fig. 1 Point defect diagrams in
Ni1dO obtained using the
results of the studies of the
deviation from the stoichiometry
obtained by many authors: a for
the temperature of 1,273 K, b
1,473 K, c 1,673 K. Points mark
the results of studies: (empty
circle, filled circle)—Osburn and
Vest [13], (filled diamond)—
Sockel and Schmalzried [14],
(filled triangle)—Tretyakov and
Rapp [15], (hollow square)—
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by different authors can be thus caused mainly by a systematic
error that relates to the method of the determination of the δ
value. The value of ΔGoF obtained on the basis of the results
of Sockel, Schmalzried [14], Osburn, Vest [13], Mrowec, and
Grzesik [21], and the temperature dependence of ΔGoF was
then determined. As a result of the calculations performed, it
has been found that in the temperature range of 1,473–
1,673 K, a good match of the dependence of the deviation
from the stoichiometry on pO2 to the experimental results of δ
is obtained, taking into account only ½V0 0Ni (also at higher
oxygen pressures). Because in Ni1dO vacancies with lower





and ΔGoVxNi were chosen that the match is not
worsened by them. Considering the defects with lower











Figure 1a–c illustrate the results of the calculations of the
concentrations of ionic and electronic defects in Ni1dO,
obtained for a series of temperatures (1,273, 1,473, and
1,673 K). As can be seen in Fig. 1a, there are significant
differences between the results obtained by Osburn and
Vest [13] and Tretyakov and Rapp [15]. When the same





were fitted (see Fig. 2). As a result, there are
significant differences in the concentration of ½h, ½V0 0Ni,
and also in the concentration of vacancies with lower
ionization degrees. In the case of the calculations for the
results of Tretyakov and Rapp [15] (dotted line), the
concentration ½V0 0Ni is precisely equal to the deviation δ.
In the case of the results of Osburn and Vest [13] (solid
line) at low oxygen pressures, there are differences between
the concentration ½V 0 0Ni and δ. On the other hand, the
dependence of δ on pO2obtained by Tripp and Tallan [18]
(dashed line) (Fig. 1a), has a bigger slope in relation to the
results of Osburn and Vest [13]. However, despite relatively
small differences in the values of δ, obtained in the above
studies, there are significant differences between the
concentrations ½V0 0Ni and ½V
0
Ni. A bigger slope during the
fitting to the results of Tripp and Tallan [18] was corrected








, and ΔGoVxNi .
However, this slope could be caused, as will be shown
below, by the influence of M
+
ions (as impurities) on the
concentration of the defects (the deviation from the
stoichiometry). Figure 1a shows the experimental values
obtained by Osburn and Vest [13] [(blank circle) points]
and the values calculated from the equation given by the
above authors (describing the results obtained at higher
temperatures) [solid circle) points]. As can be seen in
Fig. 1a, the experimental values of δ are higher than the
calculated values. This could be caused by the influence of
M
3+
ions on the concentration of the defects.
Figure 1b presents the results of the calculations using the
results of the studies by Sockel and Schmalzried [14],and
Osburn and Vest [13]; also the results of Mrowec and
Grzesik [21] are marked, and, as can be seen, are slightly
higher. As illustrated in Fig. 1b, there is a significant
difference between the values of δ obtained by Sockel and
Schmalzried [14] and those obtained by Osburn and Vest





were adjusted. As can be seen, there is a significant
difference between the concentrations ½V0 0Ni and ½h. (The
concentration of electron holes for the results of Osburn and
Vest [13] (solid line) accidentally overlaps with the depen-
dence of δ on pO2for the results by Sockel and Schmalzried
[14] (dashed line). Moreover, the curves for the results of
Sockel and Schmalzried [14] are also fitted in Fig. 1b,





and ΔGoVxNi ¼ 92 kJ=mol are chosen in order to be close to
the results of Haugsrud and Norby ] (dashed line) [20]. As
can be seen in Fig. 1b, this caused a significant increase of
the concentrations ½V0Ni and ½VxNi.
Figure 1c shows the results of the calculations for
1,673 K using the results of Osburn and Vest [13] (solid
line) and those of Mrowec and Grzesik [21] (dashed line).
Small differences in the values of δ also cause small
differences in the obtained dependences of concentrations
of the defects on pO2 .
Analyzing the defect diagrams shown in Fig. 1, it can be
found that in the range of higher oxygen pressures, the
deviation from the stoichiometry is practically equal to the
concentration ½V0 0Ni. However, in the range of low oxygen
pressures, a higher concentration ½V0 0Ni occurs than δ and there
is also a comparable, lower concentration of interstitial ions
½Nii . When the temperature increases, the concentration of
the defects increases; also the range in which the concentra-
tion ½Nii  is lower by about 1/2 order of magnitude
ðlogð½V0 0Ni=½Nii Þ ¼ 0:5Þ increases. In the lower temper-
atures of 1,273–1,473 K, there is also a small concentration of
vacancies ½V0Ni and ½VxNi. As can be seen in Fig. 1, in the
range of the low pressures pO2 , considering the interstitial
½Nii  ions influences the concentrations ½Ni
0 0
i , despite the fact
that the dependence of δ on pO2 practically does not change.






the temperature, obtained by fitting the curve of logδ vs.
logðpO2Þ to the results of the studies by different authors.
As already mentioned, the values of ΔGoF for the individual
temperatures were calculated using the dependences of
ΔGoF on T, obtained on the basis of the results by Sockel
and Schmalzried [14], Osburn and Vest, [13] and Mrowec
and Grzesik [21] in the range of 1,473–1,673 K (Table 1).




were fitted in such
a way as to obtain the consistency with the experimental
values of δ. As can be seen in Fig. 2, different values of





were obtained, although their temperature dependences
have similar slopes. A small difference is observed where the
results of Osburn and Vest [13] and Mrowec and Grzesik [21]
are concerned. On the other hand, significantly bigger
differences are present in the case of the results by Tertyakov
and Rapp [15], Tripp and Tallan [18], and Sockel and
Schmalzried [14] [(multiplication) points].
Figure 3 presents the values ΔGoNii of the formation of
interstitial nickel ions ðNii Þ, calculated according to the
Eq. 6. As can be seen, the dependencies of ΔGoNii on the
temperature have similar slopes. The differences between





which were obtained using the results by the
individual authors. It should be noted that the values of
ΔGoNii and ΔG
o
F have not been determined so far.





the formation of the vacancies with lower ionization degrees,
which were obtained by fitting the curve of logδ vs. logðpO2Þ
to the results of the studies by different authors. As was





chosen so that the fit of the logδ vs. logðpO2Þ curve is not
worsened by them. As observed in Fig. 3, where the results





¼ ΔGoVxNi were fitted. It was assumed that the energy
of interactions of a vacancy with the next electron hole




also be seen in Fig. 3, where the results of Tripp and





are significantly larger. The absolute values of ΔGoVxNi
are slightly lower; they increase with the temperature
increase. This means that the fraction of concentration
of neutral vacancies to single ionized vacancies would
increase ð½VxNi=½V
0
NiÞ. Thus, the bonding energy in com-
plexes ðV0 0Ni2hÞ would have increased with the temperature
increase, which seems improbable. As was already noted, the
bigger slope of the logδ vs. logðpO2Þ dependence, obtained by
Tripp and Tallan [18] in relation to the other results was









and ΔGoVxNi . Therefore, the obtained character, of the ΔG
o
VxNi
vs. T dependence, and also of the δ vs. pO2 dependence,
indicates that it could be related to the presence of impurities
(M+ ions). In Table 1, the determined enthalpies and entropies
of individual defects, resulting from the relations presented in
Figs. 2 and 3 are given. As can be observed, there is quite a





mined in the present work and those determined by different
authors, assuming that d ¼ ½V0 0Ni. The present differences




are close to the differences





Figure 4 shows the fitted values of the hypothetical
pressure pðsÞO2 , (fulfilling the Eqs. 4 and 5), at which NiO
could reach the stoichiometric composition. As can be seen,
these pressures are by a few orders of magnitude lower than
the decay pressure of nickel oxide [62] (dashed line). The
obtained monotonic character of the dependence of pðsÞO2 on
the temperature is in accordance with the expectations. The
occurring differences in pðsÞO2 values, yet similar character of
the pðsÞO2 vs. T dependence, indicate that the results of the




























Fig. 2 The values: ΔGoF of the formation of intrinsic ionic defects of
Frenkel type, obtained at 1,471–1,673 K using the results of the
deviation from the stoichiometry studies by: Sockel and Schmalzried
[14]—points (plus sign), Osburn and Vest [13]—(empty square),







Ni) using the results by: Osburn and Vest [13]—(filled
square) (OV), Sockel and Schmalzried [14]—(multiplication sign)
(SS), Tretyakov and Rapp [15]—(empty diamond) (TR), Tripp and
Tallan [18]—(empty triangle) (TT), Mrowec and Grzesik [21]—
(empty circle) (MG)
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Figure 5 shows the dependence of the derivatives: nd ¼
logðpO2Þ=d log d and nh ¼ logðpO2Þ=d log½h on logðpO2Þ,
obtained for the curves presented in Fig. 1. As has been
already mentioned, the values of exponents 1=nd and
1=ns ﬃ 1=6 1=5 in the dependence of the deviation
from the stoichiometry and the electrical conductivity on
pO2 formed the basis for the hypothesis that in the whole
range of the Ni1dO existence double ionized vacancies
dominate. As can be seen in Fig. 5, the values of nd
[(dashed) line] and nh (solid line), using the results of
Osburn and Vest [13] change, depending on pO2 , from 6 to
5. A slightly different situation was obtained for the
results by Tripp and Tallan [18] (TT) and Sockel and




¼ 72 kJ=mol and
ΔGoVxNi ¼ 92 kJ=mol (SS, HN). The obtained character is
a result of the influence of the concentration of vacancies
½V0Ni and ½VxNi at higher oxygen pressures on the
dependencies of δ and ½h on pO2 . The influence is
significantly bigger in the case of nd, and small in the case
of nh. Table 2 gives the values of exponents 1=ns from the
dependence of σ on pO2 , obtained by many authors, and their
comparison with the values of nh in similar ranges of oxygen
pressures, obtained in the present work (Fig. 5). As can be
seen in Table 2, in most of the works the values of ns in the
5.8–5.3 range were obtained. Considering that these are
average values in a given range pO2 and charged with an
error, the consistency is good. Many values of ns are lower
than nh. These differences can be connected with the influence
of impurities on the concentration of electron holes.
It should be noted that the obtained dependence of ΔGoF
on the temperature, despite the fact that it has a high
correlation coefficient, has been determined from a small
number of experimental values of the deviation from the
stoichiometry [13, 21]. In the range of lower oxygen
pressures, the determination was practically based on the
results in one temperature [14]. Moreover, in the literature,
there is no data verifying the value of ΔGoi of the formation
of electronic defects and its temperature dependence. If
more precise data is obtained, in a wider range of oxygen
pressure, it can be expected that there will be some, rather
small, changes in the character of the dependence of the
concentrations of defects on pO2 .
Point defect concentrations in doped Ni1yMy
 
1dO
In the calculations of the point defects diagram for the
doped oxide, the values of ΔGo of the defects formation
obtained for pure Ni1dO have been used, based on the
results of Osburn Vest [13] (Figs. 2 and 3). Due to a small
concentration of interstitial nickel ions in Ni1dO, it was
assumed that doped M+ ions in the form of M2O oxide and
M3+ ions in the form of M2O3 oxide incorporate themselves
into cation nodes and preserve their oxidation degree. Thus,
in relation to the lattice they are charged negatively-
and positively ðM NiÞ, respectively. It has been assumed that
the concentration of dope ions is sufficiently small to
neglect their influence on the values of ΔGo of the defects’
formation. It was also assumed that the point defects still
form an ideal solution.
M+ ions dope (M2O)
Figure 6 shows the results of calculations of the concen-
trations of the defects in the Ni1yMy
 
1dO doped with
Table 1 The values of the enthalpy ΔH and the entropy ΔS of the
formation of: intrinsic Frenkel defects, nickel vacancies ðV0 0NiÞ,
interstitial nickel ionsðNii Þ, vacancies with lower ionization degreesðV0NiÞ and ðVxNiÞ in Ni1dO, determined using the relations presented
in Figs. 2 and 3 and these calculated by other authors assuming a
simplified model of defects (d ¼ ½V0 0Ni)
Equilibrium ΔH / (kJ/mol) ΔS / (J/mol) Reference
½h½e0 334.9 41–42b [10, 11]
Frenkel 360±2 43±2 (SSa, OVa, MGa)
V
0 0
Ni 236±2 −43±1 (OV
a)
Eq. 1 240±1 −35±1 (MGa)
Eq. 1 265±2 −31±2 (TTa)
Eq. 1 227±23 −15±14 (TRa)
Eq. 1 238.6 −43.5 [6, 7]
Eq. 1 223.6 −5.3 [5]
Eq. 1 240.0 −35.3 [17]
Eq. 1 233.6 −44.2 [10, 11]
Eq. 1 248.9 −33.0 [8, 9]
Eq. 1 266.3 [15]
Nii 122±2 84±2 (OV
a)
Nii 126±3 82±2 (MG
a)
Nii 93±2 72±2 (TT
a)





















VxNi −120±4 −47±3 (OV
a)
VxNi −109±8 −41±5 (MG
a)
VxNi 15±3 77±3 (TT
a)
VxNi −147±16 −80±12 (TR
a)
SS Sockel and Schmalzried, OV Osburn and Vest, MG Mrowec and
Grzesik, TT Tripp and Tallan, TR Tretyakov and Rapp
a Results of the deviation from the stoichiometry (used in the calculations
noted in the present work) obtained by Sockel and Schmalzried [14],
Osburn and Vest [13], Mrowec and Grzesik [21], Tripp and Tallan [18],
and Tretyakov and Rapp [15]
b A value dependent on the temperature
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M+ ions in the quantity of: yM0 ¼ 8  106mol=mol—
(dashed) line, 1∙10−4—(dashed) line, 1∙10−3—(dotted) line,
compared with the concentration in “pure” Ni1dO (solid
line) for two example temperatures, 1,373 and 1,573 K. As
mentioned above, the character of the dependence of δ on
pO2 obtained by Tripp and Tallan [18] indicated that it could
be related to the presence of the M+ dope (Fig. 1a). Thus, a
particular quantity of dope was chosen in order to obtain be
consistent with the results of the studies of the deviation
from the stoichiometry [18] (Fig. 6a). (At 1,273 K, a similar
quantity was fitted, 6∙10−6 mol/mol). The obtained quantity
of dope at the level of yM0 ¼ 105 mol=mol is close to the
content of sodium ions with which the sample, as it
transpires from the content analysis, has been contaminated
due to the long studies [18]. The introduction of a content
of M+ ions higher by an order of magnitude (10−4 mole)
causes more significant changes in the concentrations of the





































, and ΔGoVxNi of the formation of
respectively, interstitial nickel ions (Nii ) (solid points), V
0
Ni (empty
points), and VxNi (solid points), obtained in individual temperatures
using the results of the deviation from the stoichiometry studies by:
Osburn and Vest [13] points—(filled square, empty square) (OV),
sign , multiplication sign) (SS, HN), Tretyakov and Rapp [15]—(filled
diamond, empty diamond) (TR), Tripp and Tallan [18]—(filled
triangle, empty triangle) (TT), and Mrowec and Grzesik [21]—(filled


























Fig. 4 The values of a hypothetical oxygen pressure pðsÞO2 whereby the
NiO would reach the stoichiometric composition, obtained in individual
temperatures using the results of the deviation from the stoichiometry
studies by: Osburn and Vest [13] points—(filled square) (OV), Sockel
and Schmalzried [14]—(empty diamond) (SS), Tretyakov and Rapp
[15]—(filled diamond) (TR), Tripp and Tallan [18]—(empty triangle)
(TT), and Mrowec and Grzesik [21]—(empty circle) (MG). The (dotted
dashed) line—the equilibrium pressure Ni/NiO [62]
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Sockel and Schmalzried [14], and Haugsrud and Norby [20]—( , plus
1,573 K. As can be seen, due to the higher concentration of
defects in “pure” Ni1dO, the influence of 1∙10−4 mol/mol
of M+ ions on the character of the dependence of the
concentrations of the defects is significantly smaller. On the
other hand, a higher dope content, (yM0 ¼ 103mol=mol),
causes a drastic change in the concentrations of the defects.
As can be seen in Fig. 6, the introduction of M+ into the
nickel oxide causes a shift by a dozen orders of magnitude
in the value of the oxygen pressure ðpðsÞO2Þ, where the oxide
reaches the stoichiometric composition (relative to the pure
oxide (see Fig. 4)). In the case of the content of yM0 ¼
1  103 mole pðsÞO21 atm and it equals about 103 atm.
As can be seen in Fig. 6 in the range of low oxygen
pressures, there is a significant concentration of ½Nii  ions,
which is higher than the concentration ½V0 0Ni. It depends
both on the concentration of M+ ions and on the
temperature and it can be higher than the concentration
½V0 0Ni even by a few orders of the magnitude. A result of the
change in the concentrations of the defects, in the range of
low pO2, is a high deviation from the stoichiometry, itself
comparable with the dope concentration. However, a
question can then be raised concerning whether such a
high concentration of interstitial nickel ions is possible,
especially when in the “pure” Ni1dO it is relatively low. At
such, a high increase of the concentration of the interstitial
ions, the decay pressure of NiO should increase. Moreover,
the possibility of small ions, e.g., lithium, being incorpo-
rated in interstitial positions should be considered, as well
as the possibility of a change of the oxidation degree of M+
ions during the process of the dope incorporation or the
formation of ðM 0NihÞcomplexes.
As can be seen in Fig. 6, despite very drastic changes of
the concentration of ionic defects, there occurs small
increase of the concentration of electron holes, depending
on the dope concentration and on the temperature. A
character of this relation is complex. As can be seen in
Fig. 6a, at 1,373 K, at M+, ion concentration,
yM0 ¼ 1  104 mol=mol, a range of oxygen pressure can
be identified in which the concentration of electron holes is
practically constant, close to the dope concentration. The
width of this range decreases with the temperature increase
and at 1,573 K, it practically disappears. However, as can
be seen in Fig. 6b, a higher content of dope
(yM0 ¼ 1  103 mol=mol) causes, at higher oxygen pres-
sures, the occurrence of a high concentration of electron
holes, practically independent on pO2 . Although, at low
oxygen pressures their concentration decreases with the
decrease of pO2 . As can be observed in Fig. 6, the
assumption that the concentration of electron holes is equal
to the dope concentration is an excessive approximation
and it is possible in the case of high dope content and in a
determined range of pO2 .
Figure 7 shows the dependence of the derivative
changes: nh ¼ dlogðpO2Þ=dlog½h on logðpO2Þ obtained
for the dependences presented in Fig. 6 and obtained for
1,273 K. As can be seen in Fig. 7 at 1,273 and 1,373 K, a
small quantity of dope at the impurity level, and compara-
ble with the concentration of defects at these temperatures,
causes a small increase of the value nh>6 and in the range
of 105pO21 atm nh, it is practically constant. The value of
the exponent es>6 in the dependence of σ on pO2 indicates
that among the impurities, the sum of the concentrations of
M+ ions is higher than that of M3+ ions. Meier and Rapp
[12], for a spectrally pure sample, obtained ns ¼ 6:1 6:5.
This could indicate that the sample contained impurities in
the form of alkali metal ions, which is confirmed by the
analysis of the composition [12]. A similar value of the
exponent ns ¼ 6:24 was obtained by Room et al. [38]. As
indicated in Fig. 7 at 1,373 K, at the content of
















Fig. 5 The dependence of the
derivative: nd ¼
logðpO2 Þ=d log d and nh ¼
logðpO2 Þ=d log½h on log pO2
obtained for the dependence of
the deviation δ and the
concentration of electron holes
[h•] on pO2 for the relations
shown in Fig. 1a–c and obtained
using the results by: Osburn and
Vest [13]—(OV), Sockel and
Schmalzried [14], Haugsrud and
Norby [20]—(SS, HN), and
Tripp and Tallan [18]—(TT)
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Table 2 The values of the exponent 1=ns obtained for the
dependence of the electrical conductivity (σ) of Ni1dO on pO2 , in a
series of temperatures in individual ranges of the oxygen pressure, as
determined by different authors, and the average values of the
exponent 1/nh in the dependence of the concentration of electron
holes on pO2 , calculated in the same ranges pO2 (Figs. 5, 9)
Reference T/(K) pO2=ðatmÞ ns nh yM
[38] 1,273 1–10−5 6.24 5.9–6
[12] 1,273 1–10−5 6.1 5.9–6
[16] 1,273 1–10−3 6 5.9–6
[13] 1,273 1–10−4 5.85 5.9–6
[12] 1,273 1–10−5 5.7 5.9–6
[35] 1,273 1–10−5 5.2 5.9–6
[31] 1,273 1–10−2 5 5.9–6
[32, 33] 1,273 1–10−3 5 5.9–6
[34] 1,273 1–10−4 4.3 5.9–6
[10, 11] 1,273 1–10−3 4.1 5.9–6
[25] 1,273 1–10−4 4.08 5.9–6
[12] 1,273 1–10−5 4 5.9–6
[23] 1,273 1–10−5 4 5.9–6
[12] 1,373 1–10−5 6.3–5.8 5.8
[35] 1,373 1–10−5 5.72 5.8
[13] 1,373 1–10−4 5.57 5.8
[28] 1,373 1–10−4 5.33 5.8
[31] 1,373 1–10−2 4.8 5.8
[34] 1,373 1–10−5 4.34–4.65 5.8
[12] 1,373 1–10−4 4.3 5.8
[25] 1,373 1–10−4 4.26 5.8
[10, 11] 1,373 1–10−3 4.1 5.8
[12] 1,473 1–10−5 6.2 5.9–5.8
[13] 1,473 1–10−4 5.74 5.9–5.8
[35] 1,473 1–10−5 5.68 5.9–5.8
[10, 11] 1,473 1–10−5 5.33 5.9–5.8
[31] 1,473 1–10−2 4.9 5.9–5.8
[26] 1,478 1–10−4 4.8 5.9–5.8
[12] 1,473 1–10−4 4.5 5.9–5.8
[25] 1,473 1–10−4 4.44 5.9–5.8
[10, 11] 1,473 1–10−3 4.2 5.9–5.8
[34] 1,473 1–10−4 4.27–5.18 5.9–5.8
[23] 1,473 1–10−6 4 5.9–5.8
[17] 1,573 1–10−4 6 5.9–5.1
[13] 1,573 1–10−4 5.76 5.9–5.1
[26] 1,650 1–10−4 5.3 5.8–5
[34] 1,573 1–10−4 4.35–5.49 5.9–5.1
[10, 11] 1,573 1–10−3 4.3 5.9–5.1
[13] 1,673 1–10−4 5.65 5.8–5
[34] 1,673 1–10−4 4.4–5.88 5.8–5
[10, 11] 1,673 1–10−4 4.3 5.8–5
Cr
[12] 1,273 1–10−4 3.9 4 0.0019
[12] 1,273 1–10−4 4.3 0.00595
[12] 1,273 1–10−5 3.9 0.0395
[30] 1,273 1–10−2 4 0.0115
[36, 37] 1,273 1–10−4 4.29 4 0.001




















































Fig. 6 Point defect diagrams for
pure Ni1dO (solid line)
obtained using the results of the
deviation from the stoichiometry
studies obtained by Osburn and
Vest [13], and the oxide doped
with M+ ions for the dope
content of
yM0 ¼ 8  106mol=mol—
line, 1∙10–4—(dashed dotted
line), 1∙10−3—(dotted line), a
for 1,373 K, b 1,573 K. The
points mark the results of the
studies for pure Ni1dO: Osburn
and Vest [13]—(filled circle)
(calculated), Tripp and Tallan
[18]—(empty square)
Table 2 (continued)
Reference T/(K) pO2=ðatmÞ ns nh yM
[36, 37] 1,273 1–10−4 4.22 0.0062
[12] 1,373 1–10−4 4 0.0019
[12] 1,373 1–10−4 4.3 0.00595
[12] 1,373 1–10−5 4 0.0395
[30] 1,373 1–10−2 4 0.0115
[36, 37] 1,373 1–10−4 4.45 4.1–4 0.001
[36, 37] 1,373 1–10−4 4.3 0.0062
[30] 1,473 1–10−2 4 0.0115
[36, 37] 1,473 1–10−4 4.34 4.2–4 0.001
[36, 37] 1,473 1–10−4 4.36 0.0062





















Fig. 7 The dependence of the
derivative nh ¼
logðpO2 Þ=d log½h on logðpO2 Þ,
obtained for the dependence of
the concentration of electron
holes [h•] on pO2 at 1,273,
1,373, and 1,573 K for pure
Ni1dO (solid line) and the
oxide doped with M+ ions: for
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yM0 ¼ 8  106 mol=mol—
( ), 6∙10−6—(dotted) line,
1∙10−4—(dashed dotted) line,
1∙10−3—(dotted) line
values, although at low oxygen pressures it decreases to the
value of 5. On the other hand, at 1,573 K, the value of nh
increases only to 8. Thus, a change of nh is not only
dependent on the dope concentration, but also on the
temperature (the total concentration of defects). As such,
where the presence of M+ dope is concerned, the character of
the dependence of ns and nd on pO2 will differ significantly.
M3+ ion dope (M2O3)
Figure 8 shows the results of the calculations of the defects
concentrations after the introduction into Ni1yMy
 
1dO a
dope of M3+ ions in the quantity of: yM ¼ 6  106
mol=mol—( ) line, 5∙10−5—(dashed dotted) line,
1∙10−4—(dashed) line and 1 ∙10−3—(dotted) line, compared
to the concentration in pure Ni1dO (solid line) for two
example temperatures 1,273 and 1,473 K. As was previ-
ously mentioned, the higher values of δ obtained by Osburn
and Vest [13] at 1,273 K in relation to those calculated from
the dependence obtained for higher temperatures can
indicate that they are caused by the presence of M3+ dope
as an impurity. As can be seen in Fig. 8a, for the dope
content of yM ¼ 6  106 as an impurity, a very good
consistency with the experimental results of δ was obtained
[13]. On the other hand, at 1,473 K, the above quantity of
dope, due to a higher concentration of defects in pure
Ni1dO, practically no longer influences their concentra-
tion. It should be noted that the concentration of M3+ ions
as an impurity should be treated as an effective concentra-
tion, being the difference of the concentrations of M3+ and
M+ ions. As can be seen in Fig. 8a at the dope content
yM ¼ 1  104mol=mol, the concentration ½V0 0Ni is higher
than in pure Ni1dO at pO2 ¼ 1 atm. At 1,473 K, the above
quantity of dope has a significantly smaller influence on the
concentrations of the defects.
As can be observed in Fig. 8, with the increase of the M3+
dope ions’ concentration, the deviation from the stoichiom-
etry increases significantly and is close to the dope
concentration. The concentration of vacancies ½V0 0Ni increases
(this concentration is only slightly smaller than the deviation
δ), and the concentration of ½V0Ni also increases. From the
studies by many authors [12, 27, 30, 36, 37, 55–60], it
transpires that the maximum chrome solubility in Ni1dO is
at about 1%. At such a content of M3+ ions, the
concentration of vacancies is significantly higher than the
concentration of defects in “pure” Ni1dO and it should be
the same as it is present in the oxide at high oxygen
pressures. As can be seen in Fig. 8, when the concentration
of the dope increases, the concentration of ½Nii  and
electron holes decreases, and also the concentration of
electrons increases (it is still low, 10−9 mol/mol). Despite a
significant increase in the concentration V
0 0
Ni, the character of
the dependence of the concentration of electron holes on pO2 ,
changes only slightly in comparison to the dependence for
pure Ni1dO.
The dependence of the derivatives nh ¼ dlogðpO2Þ=
dlog½hon logðpO2Þ is shown in Fig. 9. As illustrated in
Fig. 9, even at low dope content, at 1,273 K, there occurs a
quick decrease in the value of nh from 6 to 4. At high dope
contents, 10−3 mol/mol, nh is practically equal to 4. With
the temperature increase, due to a higher concentration of
defects in “pure” Ni1dO, the influence of the dope
concentration is smaller. Due to this, where the quantity of
the dope M3+ as an impurity is low (10−5–10−4 mol/mol), nh
will clearly increase with the temperature increase. Such an
effect was found by Farhi and Petot-Ervas [34] who
obtained, e.g., for pO2 ¼ 4:33  103 atm, in the temperature
range of 1,273–1,673 K, the increase of ns from 4.3 to 5.24
and a slightly lower increase at higher oxygen pressures. In
Table 2, the values of the exponent 1=ns in the dependence
of σ on pO2 for oxides doped with M
3+ ions, obtained by
many authors, are given and compared with the values of nh
obtained in the present work (Fig. 9) (in a similar range of
pO2). As can be seen, the obtained values of ns are in the
range of 4–4.3, which, in the error limit, could be considered
a good consistency. The values of ns obtained by many
authors in the range of 4.2–4.5 in the case of “pure” Ni1dO
indicate that in these samples, the effective concentration of
M3+ ions is significant (about 10−4 mole).
From the diagrams of the defects presented, it can be
observed (Figs. 1, 6, and 8) that, due to a small
concentration of defects in Ni1dO, the impurities in the
form of M+ and M3+ ions can essentially influence the
dependence of the defects’ concentration on pO2 . This is
why it is necessary to simultaneously perform the
measurements of the deviation from the stoichiometry
and the electrical conductivity in the widest possible range
of pO2 ; the comparison of these measurements then
indicates the type and quantity of the dominating
impurities. Conclusions about the structure of the defects
that are based only on the electrical conductivity could be
erroneous.
Conclusions
The obtained point defect diagrams in Ni1dO indicate that
the proposed method of calculation enables the full
interpretation of the deviation from the stoichiometry
studies (in the entire range of the oxide’s existence). This
method considers not only the dominating defects (vacan-
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δ (yM = 1·10-4) 
δ (yM =6·10-6)























(Ni1-yMy)1-δO 1473 KM2O3δ (yM = 1·10-3)
δ (yM = 1·10-4) 
δ (yM =5·10-5) 
δ (yM =0) 
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b
Fig. 8 Point defects diagrams for
pure Ni1dO (solid line) obtained
using the results of the deviation
from the stoichiometry studies
determined by Osburn and Vest
[13] and for the oxide doped with
M3+ ions, for the dope content:
yM ¼ 6  106mol=mol—
5∙10−5—(dashed dotted line),
1∙10−4—(dashed dotted line), and
1∙10−3—(dotted line): a for the
temperature of 1,273 K, b
1,473 K. The points mark the
results of the studies for pure
Ni1dO: Osburn and Vest [13]—
(filled circle) calculated, (empty
circle) experimental
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( ),
Using the results of the studies on the deviation from the
stoichiometry obtained at 1,173–1,673 K by many authors,
the point defect diagrams for pure Ni1dO in the range of
oxygen pressure from 1 atm to the oxide decay pressure
have been determined. Using the results of the studies of
Sockel and Schmalzried [14], Osburn and Vest [13], and
Mrowec and Grzesik [21] as a basis, the values of ΔGoF of
the formation of Frenkel defects have been determined, as
well as their temperature dependence (in the range of
1,473–1,673 K), which was used in the interpretation of the
results by other authors. The obtained temperature depen-
dencies of ΔGo on the formation of nickel vacancies with
different ionization degrees have similar slopes (similar
values of the entropy of the formation) but different values
of the enthalpy. The differences present are caused mainly
by a systematic error related to the method of the
determination of the absolute values of the deviation from
the stoichiometry, which can be particularly seen in the case
of results obtained by the authors [14, 15, 20]. In the range
of higher oxygen pressures, the concentration of nickel
vacancies ð½V0 0NiÞ is practically equal to the deviation from
the stoichiometry. In the range of low oxygen pressures, the
concentration of interstitial nickel ions is significant; it is
lower than the concentration of nickel vacancies. When the
temperature increases, the concentration of defects
increases. The concentration of interstitial nickel ions
increases; the range of oxygen pressure, in which the
concentration ½Nii  is lower by about 1/2 order of magnitude
ðlogð½V0 0Ni=½Nii Þ ¼ 0:5Þ also increases.
The characteristic of the dependence of the concentration
of electron holes on pO2 is close to the characteristic of the
dependence of the deviations from the stoichiometry, and,
additionally, there is practically no dependence on the
temperature.
Using the determined values of ΔGo of the defects’
formation for the “pure” nickel oxide, the dependences of
defects concentrations for Ni1yMy
 
1dO doped with M
+
and M3+ ions were determined. Due to a small concentra-
tion of ionic defects in Ni1dO, the characteristic of the
dependence of the deviation from the stoichiometry and the
concentration of electron holes on pO2 is even influenced by
small quantities of impurities in the form of metal ions with
other valence than 2+.
It has been shown that even a low quantity of the M+
dope causes that the oxide should reach its stoichiometric
composition in the range of its existence. In the range of
negative deviations from the stoichiometry, the concentra-
tion of interstitial nickel ions is significant and higher at
low oxygen pressures than the concentration of nickel
vacancies. Also, the concentration of electron holes
increases in relation to that in the non-doped oxide.
As a result of the increase of the M3+ ions’ concentra-
tion, the concentration of cation vacancies increases and the
concentration of electron holes decreases.
The influence of dopes on the concentration of ionic
defects and on the deviation from the stoichiometry is much
larger than the influence on the concentration of electron
holes, which causes significant differences in the charac-
teristic of the dependencies of δ and σ on pO2 . The
discrepancies in the values of the exponent in the
dependencies of the electrical conductivity on pO2 , obtained
by different authors, could be related to the presence of
impurities, among which the effective concentration of M3+
or M+ ions is the most important. A relatively small
concentration of M3+ ions, especially at lower temperatures
where the dope amount is comparable to the concentration
























Fig. 9 The dependence of the
derivative nh ¼
logðpO2 Þ=d log½h on logðpO2 Þ,
obtained for the dependence of
the concentration of electron
holes [h•] on pO2 , for 1,273,
1,473, 1,673 K, for pure Ni1dO
(solid line) and doped with M3+
ions for the content:
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